Abstract: Plankton are the primary form of life in the ocean and constitute the base of the marine food web. New digital optical sampling methods from video to holography are providing new insights in plankton ecology.
Introduction
The vast majority of marine organisms live in the form of plankton for at least part of their lives. Plankton represent the base of the ocean food web and are a vital link in the flow of food energy to larger species. Traditional sampling methods generally used to study plankton (e.g. bottles and nets) do not provide the high-resolution data needed to model and predict plankton population sizes and interactions, and they are generally destructive to fragile forms. To address this problem, we have developed optical sampling methods ( Fig. 1) , including a Video Plankton Recorder (VPR) and a digital holographic imaging (DHI) camera. 
Video Plankton Recorder
The VPR is an underwater video microscope that provides high-resolution data on the size and composition of plankton [1] [2] . Unlike traditional methods, optical sampling does not damage the organisms being observed, allowing fragile plankton and particles to be quantified. The VPR has been used extensively in open ocean and coastal regions to quantify plankton abundance and biomass. VPR sampling has revealed that fragile colonies of diatoms and protozoa are 10 to100 times more plentiful than previously thought, making them very important to the biological and chemical processes in the ocean. For example, the VPR was towed at 12 knots for three thousand miles across the Atlantic Ocean, with the instrument undulating automatically between the surface and 130 meters depth, yielding 6910 vertical profiles and over a million images of plankton. Data on delicate colonies of Trichodesmium, a nitrogen-fixing cyanobacteria, revealed greater abundances of in deeper layers than previously reported, which is important for the global ocean nitrogen and carbon cycles.
Optical sampling's key advantage is the generation of electronic images that can be automatically identified by a computer. We have developed software that performs image analysis and pattern recognition to automatically classify plankton images from the VPR into major taxonomic groups [3] [4] [5] . While the VPR provides excellent data on major taxonomic groups, the 2D grayscale images it produces do not allow identification of plankton to the level of species. To address this issue, we recently developed a color VPR that is being used in various regions including a recent expedition to the Celebes Sea, Philippines. The new VPR unit (Fig. 1) is a self-contained, battery-operated instrument that is not towed, but is deployed in single vertical casts to 1000m using a winch.
Digital Holographic Imaging
In addition to the VPR, in collaboration with J. Milgram and G. Barbasthasis, N. Loomis and J. DominguezCaballero at MIT, we have developed new in-line digital holographic imaging (DHI) methods that produce high quality images of plankton (Fig. 1) . The prototype DHI camera can capture a digital hologram of a 36 x 36 x 1000 mm volume of seawater. Computer reconstruction is used to obtain images within the volume with an axial resolution of ~200 microns and horizontal resolution of 9 microns per pixel. This high resolution imaging reveals very fine details of zooplankton and even microzooplankton (Fig. 2) . We recently have developed a rapid method for locating objects within the 3D volume without the need for image reconstruction, and this method is 1000 times faster than traditional approaches [6] . The DHI camera is being modified for use under water. This underwater unit will be battery operated and will store up to 1600 holograms on a memory card. This DHI camera will allow in situ 3D imaging of plankton from a variety of platforms.
Significance of research
These non-destructive optical methods, combined with new classification software, allow researchers to observe, count and identify species and life stages of plankton automatically and with unprecedented resolution in time and space. The holographic imaging systems in particular are small and use little power, so they can be deployed on autonomous robotic platforms and ocean observing systems. The resulting high resolution data will greatly increase our ability to understand how the size, composition, and distribution of plankton populations are controlled in the ocean
